Introduction {#s1}
============

The hydatid disease is one of the most important zoonotic parasitic infections worldwide. The main part of *Echinococcus granulosus* life cycle depends upon the growth and differentiation of protoscoleces (PSCs) within the intestine of definitive hosts.^[@R1]^ The survival of an organism is mainly dependent on its indirect transmission cycle from the definitive hosts (particularly dogs) to the intermediate hosts, including sheep and human. According to the latest updated report of the World Health Organization (WHO) in March 2017, there may be over one million infected cases with echinococcosis at any time.^[@R2]^ A hydatid cyst (HC) encompasses numerous PSCs and cyst fluid and is formed in visceral organs (liver and lung) of the infected intermediate hosts.^[@R3]^ Morphogenesis of PSCs from the cystic viscera into worm's scolex (or head) occurs on the surface of the small intestine of the definitive host, and then the head-like structure attaches to the gut epithelial lining and develops into an adult worm within 32-80 days post-infection.^[@R4]^

The currently used treatment modalities against echinococcosis, as multi-stage parasitic infection, are based on the anthelmintic drugs such as albendazole, praziquantel, and ivermectin. However, these medicaments are often associated with some issues such as inadvertent side effects.^[@R5]-[@R7]^ Therefore, to control this parasitic infection, it is necessary to improve preventive interventions such as vaccination in addition to hygiene practices. Several constraining factors may influence the vaccine development against such multi-stage pathogens, including economic, socio-cultural/political issues and technical hurdles.^[@R8]^ Thus, to overcome the issues, it is necessary to implement a rationalized approach towards the construction of multipotent vaccines through targeting a different aspect of the infection. *In silico* modeling of vaccines provides a cost- and time-effective approach that can improve such endeavor towards designing and developing effective vaccines.^[@R9]^ Further, such approach favors the identification and selection of key vaccine candidate antigens (VCAs) with high immunogenicity. Ideally, a vaccine construct, to be highly effective, should encompass several parts, including epitopes of one/more VCAs, B-cells epitope and T-cells epitopes (BEs and TEs, respectively).^[@R10]^ Nevertheless, even a well-designed vaccine may fail to elicit the immune system\'s responses because of the complexity of various cascades involved in the immunity against parasitic infections. Altogether, epitope-based vaccines (EVs) seem to be one of the most effective vaccines. However, despite being a tedious and laborious approach, designing effective EV type vaccines depends upon several key parameters, including the selection of the best epitopes of a right VCA among other factors.^[@R11]^

Of various VCAs involved in echinococcosis, the *E. granulosus* (Eg) 14-3-3 as a secretory Ag plays key roles in parasite's survival, cell cycle, growth and differentiation regulation and apoptotic cell death, as well as the interaction between the adult worm and definitive host.^[@R12],[@R13]^ The main immune response to the echinococcus infection is based on the activation of humoral immunity, mainly through production of the specific antibodies (Abs).^[@R14],[@R15]^

In this study, to design an effective prophylactic EV, we capitalized on the protein sequence of Eg14-3-3 isolated from the infected cases in Iran and used it for 3D structure homology modeling and prediction of BEs and TEs. This dog-specific vaccine construct, to the best of our knowledge, is the first EV designed for the immunization of definitive hosts against the adult worm of *E. granulosus*.

Materials and Methods {#s2}
=====================

Echinococcus granulosus parasites and genomic DNA isolation from PSCs {#s2-0-1}
---------------------------------------------------------------------

The PSCs were aspirated from the lungs and livers of 15 sheep infected with hydatid cysts (Tabriz slaughterhouse, north-west Iran). Then, DNA samples were extracted using a standard protocol as follows: (i) lysing with the lysis buffer (NaCl 150 mM, EDTA 2 mM, Triton 0.5%, Tris-HCL 50 mM), (ii) processing through freeze-thaw-vortex cycles (×3), (iii) suspending with phenolchloroform-isoamylalcohol, and (iv) centrifuging at 9000 ×g for 10 minutes. The concentration and purity of the isolated DNA were analyzed using NanoDrop^TM^ spectrophotometer ND-1000 (Thermo Fisher Scientific, Waltham, USA) and 1% agarose gel electrophoresis.

DNA amplification {#s2-0-2}
-----------------

Eg14-3-3 gene was amplified by polymerase chain reaction (PCR). The PCR reaction performed in a 25 µL reaction volume as follows: 9.5 µL DNase free deionized water, 1 µL template DNA (1017.6 ng/µL), 1 µL each primer (100 pmoles/µL) and 12.5 µL PCR master mix (2x Master Mix RED, Taq DNA polymerase, 0.5 µM of dNTPs and 1.5 mM MgCl2) obtained from Ampliqon (Odense, Denmark). Based on NCBI's Eg14-3-3 gene sequence (GenBank accession No: AY942149), the forward and reverse primers were designed using OLIGO 7 software.^[@R16]^ The primers were as follows: the forward primer, 5\'-ATGTCTTCTCTCAGTAAGCGCGA-3\' and the reverse primer, 5\'-ATCGGCTTTCGGCGGTTCAG-3\'. The gene amplification was conducted using following condition: (i) one cycle at 94°C for 4 minutes as primary denaturation, (ii) 32 cycles at 94 °C for 1 minute (denaturation), 52°C for 1 minute (annealing) and 72°Cfor 1 minute (extension), and (iii) three cycles as final extension (72°C for 10 minutes). The PCR products were visualized by electrophoresis on a 1% agarose gel and size of the product analyzed with 1 kb DNA ladder (GeneRuler^TM^ 1 kb Plus DNA ladder), obtained from Fermentase (Thermo Fisher Scientific, Waltham, USA). The PCR-amplified product was sequenced, and its mRNA sequence was registered in NCBI GenBank as Iran Eg14-3-3 isolate (GenBank: KU739136).

### In silico analysis {#s2-1}

### Prediction of transmembrane topology and signal peptide {#s2-1-3}

Possible transmembrane helix (TMH) was predicted using three web-servers, including TOPCONS,^[@R17]^ TMHMM server *v*2.0 (<http://www.cbs.dtu.dk/services/TMHMM/>) and TMpred.^[@R18]^ Potential secretory signal peptide (SigP) was predicted by means of TOPCONS and SignalP *v*4.1 online tools.^[@R19]^ The D-cutoff value in the SignalP server was 0.45 and eukaryotic protein datasets were selected for SigP prediction.

### Computing post-translational modifications {#s2-1-4}

Neural network-based algorithms, NetNGlyc *v*1.0^[@R20]^ and NetOGlyc *v*4.0^[@R21]^ were used respectively for the prediction of N-linked and mucin-type CalNAc O-linked glycosylation sites. NetPhos *v*2.0 web-server was served for the prediction of serine, threonine, and tyrosine phosphorylation sites.^[@R22]^

### Allergenicity prediction {#s2-1-5}

The whole Eg14-3-3 amino acid sequence was aligned against databases of two online servers, including AlgPred and SDAP (Structural Database of Allergenic Proteins). These web servers aid us to predict potential cross-reactivity between the Eg14-3-3 protein and known allergens by means of FAO/WHO allergenicity rules. The algpred server was used to serve the hybrid method consisted of four different algorithms (SVMc + known IgE epitopes + ARPs BLAST + MAST).^[@R23]^ The Eg14-3-3 sequence was compared to the FASTA-formatted protein sequences based on two main parameters, including (i) the E-value cutoff of 0.01 for the full-length sequence similarity \>35% with a sliding window alignment of 80 amino acids, and (ii) short sequences of six contiguous amino acids that match to those of known allergenic proteins.^[@R24]^

### Identification of surface accessible and hydrophobic residues {#s2-1-6}

It should be pointed out that the hydrophilic regions of Ags interact with the binding sites of Abs and the basis of the current vaccine is BEs. Thus, the predicted BEs should be located in the highly hydrophilic region with a lot of accessible residues. Accordingly, the structure and plot of the hydrophobicity profile of Eg14-3-3 Ag were analyzed respectively through UCSF Chimera software and the algorithm of Kyte and Doolittle (KD).^[@R25]^ The surface accessible residues were predicted by means of the ProtScale online server.^[@R26]^

### The secondary structure prediction {#s2-1-7}

The secondary structure of Eg14-3-3 was predicted using the PSIPRED *v*3.3 web-server.^[@R27]^ In this regard, we predicted three states of the secondary structure, including α-helix (H), β-strand (S), and coil (C).

### The tertiary structure prediction {#s2-1-8}

The NCBI blastp algorithm (protein-protein BLAST) was utilized to compare the Eg14-3-3 sequence with the crystallized protein structures in Protein Data Bank (PDB). For the homology modeling, we capitalized on EasyModeller *v*4.0 software and five high rank homologous PDB structures as template structures, including 4WRQ (chain B), 3RDH (chain A), 4HKC (chain A), 2V7D (chain A) and 1A38 (chain A).^[@R28]^

The most similarity percentage in this protein-protein blast was about 65‏%. Therefore, the 3D structure of Eg14-3-3 was modeled with acceptable accuracy. The predicted structure was visualized through the UCSF Chimera *v*1.11 standalone software.^[@R29]^

### The model refinement {#s2-1-9}

The model was automatically refined via the loop model module of the EasyModeller software. The Swiss-Pdb Viewer *v*4.1.0 software was used for normalization of the internal aberrant interactions within the model.^[@R30]^ This step was performed using the energy minimization tool in a vacuum with the GROMOS96 43B1 parameters set and without the reaction field.

### The model validation assays {#s2-1-10}

The model quality was assessed based on the GA341 score and DOPE (Discrete Optimized Protein Energy) scores of EasyModeller program. The ProSA web-server implemented for the prediction of the local and overall model quality.^[@R31]^ The Verify3D server was exploited to assess the quality of the refined model.^[@R32]^ The homology modeling stereochemical accuracy was also evaluated based on ϕ and ψ Torsion angles by means of Ramachandran's map obtained from RAMPAGE online server.^[@R33]^

### Linear and conformational B-cell epitope prediction {#s2-1-11}

The protein sequence of Iran Eg14-3-3 isolate (GenBank: AMX81438) has been served with the prediction of BE and TE. In order to improve the accuracy of computational epitope mapping, we used different online predictor servers, including ElliPro^[@R34]^ LBTope,^[@R35]^ BepiPred *v*1.0,^[@R36]^ BcePred,^[@R37]^ ABCpred,^[@R38]^ and Immune Epitope Database (IEDB) server (window size 7, threshold 1.0).^[@R39]-[@R42]^ The BepiPred can predict potential epitopes based on a combination of a hidden Markov model and a propensity scoring method with the values above 0.35 as the threshold. In BcePred server, epitopes were predicted via the physicochemical properties and default thresholds. The linear BEs in ABCpred server were predicted based on the artificial neural network algorithm (windows size 14, threshold 0.51). The conformational epitopes were selected based on the high-score outcomes of SEPPA *v*2.0,^[@R43]^ ElliPro,^[@R34]^ and DiscoTope *v*2.0 (threshold: -3.7) online servers.^[@R44]^

### Shannon entropy analysis for predicted epitopes {#s2-1-12}

The protein sequence of local Eg14-3-3 was aligned with five NCBI's complete sequences of other reported Eg14-3-3 isolate (GenBank accessions: CDS22750, CDS15498, AAX73175, AAM94863, AAF19966). Afterward, imprecise regions at both ends of sequences were trimmed using BioEdit package *v*7.1.3.^[@R45]^ The variability metrics for these sequences were then characterized based on Shannon's entropy (Hx) plot obtained by means of BioEdit software. Shannon's entropy data were imported into Excel program to make the Shannon variability plot.

### CD4+ T-helper epitope prediction using docking method {#s2-1-13}

Two highly frequent Dog Leukocyte Antigen (DLA)-DRB1 alleles were selected (01101 and 01501) for docking. The simulation and binding prediction were performed by using Hex software v8.0.0 and between the binding groove of the DLA-class II alleles and the 13-mer fragments of the Eg14-3-3 antigen.

### Modeling the 3D structure of MHC alleles and validation {#s2-1-14}

Amino acid sequences of DLA-DRB1\*01501 and DRB1\*01101 were retrieved from IPD-MHC database (<https://www.ebi.ac.uk/ipd/mhc/>). The tertiary structures of MHC alleles were modeled using I-TASSER online server.^[@R46]^ The DLA-DRB1\*01501 model was energy minimized via Swiss-PdbViewer software.^[@R30]^ The modeling validation tests were analyzed based on I-TASSER scores \[C-score, TM-score, and root mean square deviation (RMSD)\], ProSA z-scores and Ramachandran plots obtained from Chimera software.

### MHC-peptide molecular docking {#s2-1-15}

The Eg14-3-3 model and the MHC alleles were initially processed using Dock Prep tool of Chimera software. The key changes were automatically applied upon the molecular docking, including (i) deletion of solvent molecules, (ii) removal of alternate locations keeping only the highest occupying positions, (iii) replacement of incomplete side chains by Dunbrack rotamer library, and (iv) addition of hydrogen atoms and charge.^[@R47]^ The AMBER ff14SB force ﬁeld was computed for the standard residues and the AM1-BCC force ﬁelds for other residues. Several 13-mer fragments of Eg14-3-3 protein sequence were separately docked with the 3D structure of both MHC alleles (01501 and 01101). The MHC-peptide docking process was performed using Hex *v*8.0.0 software.^[@R28]^ The Hex docking orientation control was set for the default display. For reduction of the number of "false-positive" orientations, the "Number of Solutions" was set at 5000. The most negative E-total values, as the stable system, were selected as final TEs.

### Visualization of epitope-MHC interactions {#s2-1-16}

The hydrogen and hydrophobic interactions between MHC alleles (DLA-DRB1\*01501 and 01101) and Eg14-3-3 peptide fragments were surveyed using LigPlot^+^ *v*1.4.5 program.^[@R11]^

### Engineering of the designed fusion construct {#s2-1-17}

The consensus B- and T-cell epitopes were bound together through the appropriate amino acid spacers. The 3D structure of vaccine construct was modeled via I-TASSER server based on the threading and *ab initio* modeling approaches.^[@R48]^ The modeling validation assays (e.g., Z-score, C-score, TM-score, and RMSD) were performed for evaluation of the model stability.

### Computing the physicochemical and 3D properties {#s2-1-18}

The physicochemical and structural properties of the formulated fusion vaccine construct were characterized by means of Expasy's ProtParam tool.^[@R49]^ The calculated parameters were as follows: peptide length, molecular weight, theoretical isoelectric point (pI), *in vitro* and *in vivo* based estimated half-life, stability index, aliphatic index, extinction coefficient and "grand average of hydropathicity" (GRAVY). Furthermore, the net charge at pH 7.0 was computed via protein calculator *v*3.4 (<http://protcalc.sourceforge.net/>).

### Back translation, codon optimization, and mRNA stability {#s2-1-19}

Species-specific codon bias is a crucial factor for the protein expression in different host's cells. Further, a large number of G/C content and also the formation of an unstable mRNA folding may cause negative impact(s) on the translation initiation and elongation steps. Thus, the Codon Adaptation Index (CAI), G/C content, mRNA secondary structure and Gibbs free energy (∆G) of the optimized mRNA structure were performed using Visual Gene Developer *v*1.7 program.^[@R50]^ The codon frequency table of *E. coli* K12, which is postulated for codon and mRNA analysis, was directly imported from CUTG (Codon Usage Tabulated from GenBank) website (<http://www.kazusa.or.jp/codon/>).

Results {#s3}
=======

PCR-based DNA amplification {#s3-0-1}
---------------------------

The double-stranded PCR product of Eg14-3-3 (approximately 744 bp) was visualized on a cyber-green stained agarose gel electrophoresis ([Fig. 1a](#F1){ref-type="fig"}).
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Transmembrane topology and signal peptide prediction {#s3-0-2}
----------------------------------------------------

The results of TOPCONS, TMpred, TMHMM v2.0, and SignalP web-servers showed that there was no significant TM-helix and signal peptide in the Eg14-3-3 protein sequence ([Figs S1](#Suppl1){ref-type="supplementary-material"}, [S2](#Suppl1){ref-type="supplementary-material"}, [S3](#Suppl1){ref-type="supplementary-material"} and [S4](#Suppl1){ref-type="supplementary-material"}, [Electronic Supplementary Data](#Suppl1){ref-type="supplementary-material"}). Therefore, the whole protein sequence was used for prediction of the BE(s).

Post-translational modifications {#s3-0-3}
--------------------------------

The neural network-based NetOGlyc *v*4.0 online server showed that there were four potential glycosylation sites, where the glycosylation score was higher than 0.5 ([Fig. 1b](#F1){ref-type="fig"}). The N-linked glycosylation sites in the Eg14-3-3 appear to be seven asparagine residues consisting of Asn10, 46, 54, 176, 186, 187 and 227 ([Fig. 1c](#F1){ref-type="fig"}). The output of NetPhos *v*2.0 server indicated that there were 18 phosphorylated serine residues (S), 4 threonines (T) and 5 tyrosines (Y) phosphorylation sites in the Eg14-3-3 protein sequence ([Fig. 1d](#F1){ref-type="fig"}). The results of N-glycosylation and phosphorylation were also plotted ([Fig. S5](#Suppl1){ref-type="supplementary-material"}, Electronic Supplementary Data).

Potential allergenic cross-reactivity {#s3-0-4}
-------------------------------------

In AlgPred server, the prediction score of SVMc method based on amino acid composition (threshold= -0.4) and dipeptide composition (threshold= -0.2) was found to be about -0.696 and -0.419, respectively. Based on the SDAP prediction algorithm, the similarities (%) between Eg14-3-3 sequence and the most similar templates were ranged from 5.67 to 12.96, which are less than the threshold (35%). Moreover, in these alignments, no contiguous amino acids were observed. Based on the results of the SDAP and hybrid method of AlgPred, the Eg14-3-3 was not detected as an allergenic protein.

Accessibility and hydrophobicity {#s3-0-5}
--------------------------------

The accessibility and hydrophobicity plots of residues in the Eg14-3-3 protein and their positions within the 3D structure are shown in [Fig. 2a](#F2){ref-type="fig"} and [2c](#F2){ref-type="fig"} . The residues between aa169-182 were predicted as a highly hydrophobic segment ([Fig. 2b](#F2){ref-type="fig"}). In five amino acid fragments (amino acids 16-23, 132-134, 166-171 and 181-184 and 221-224), the surface accessibility scores were less than 5.0. Hence, they were predicted as highly non-accessible regions ([Fig. 2d](#F2){ref-type="fig"}). Such hydrophobic and non-accessible residues will be ignored during the BE prediction because they are unlikely to interact with the binding site of specific Abs.
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Evaluation of the predicted secondary structure {#s3-0-6}
-----------------------------------------------

Based on our analysis, there were 11 α-helix and 12 coil regions within the secondary structure of the Eg14-3-3 ([Fig. S6](#Suppl1){ref-type="supplementary-material"}, Electronic Supplementary Data).

Assessment of Eg14-3-3 homology modeling quality {#s3-0-7}
------------------------------------------------

The 3D structure of modeled Eg14-3-3 is shown in [Fig. 3](#F3){ref-type="fig"}. The EasyModeller software provided two types of validation scores, including the GA341 score that is ranged from zero to 1.0, and the normalized DOPE score as an energy profile for each residue. In this regard, the model with correct folding showed GA341 scores near 1.0 and the model with more negative DOPE values counted as a stable model. The energetic values of the GA341 score and DOPE score relevant to the modeled Eg14-3-3 were 1.0, and -19088.43 kcal/mole, respectively. The DOPE score was altered to -26746.53 after loop refinement. Therefore, the relative conformational stability of the predicted model was increased. The DOPE score profile for the initially generated model and the loop-refined model are displayed in [Fig. 3a](#F3){ref-type="fig"} . The Eg14-3-3 model was re-arranged after energy minimization (EM) and the EM value was measured -12650.81 kJ/mol. Two main structural rearrangements occurred at the Gly^138^ and Cys^20^ amino acids ([Fig. 3c](#F3){ref-type="fig"}).
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C-alpha atoms of the Eg14-3-3 were analyzed by ProSA-web server and exhibited the overall model quality by the z-score value of -7.21 ([Fig. S7](#Suppl1){ref-type="supplementary-material"}, Electronic Supplementary Data). The Verify3D-1D profile showed that 83.81% of the model residues has an averaged 3D-1D score over 0.2 ([Fig. S8](#Suppl1){ref-type="supplementary-material"}, Electronic Supplementary Data).

Ramachandran plot of the predicted model before and after energy minimization was also assessed ([Fig. S9](#Suppl1){ref-type="supplementary-material"}, Electronic Supplementary Data). After structure optimization, the number of residues within the favored region was increased from 94.7% (232 amino acids) to 98.8% (242 amino acids). Before energy minimization, seven residues (2.9%) were within the outlier region, however, after energy optimization, all of these residues were distributed to the favored and/or allowed regions.

B-cell epitope prediction and analysis of their mutative/conservative {#s3-0-8}
---------------------------------------------------------------------

We used two types of algorithms for increasing accuracy of the BE prediction, including (i) the physicochemical-based algorithms (e.g., Bcepred and IEDB-based linear epitope prediction) and (ii) the machine learning based algorithms (e.g., ABCpred, BepiPred, and LBtope). The residue-based scores for different predictor web-servers were imported into the Microsoft Excel for plotting and selection of the best BEs ([Figs. 4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}).

![](bi-8-39-g004){#F4}

![](bi-8-39-g005){#F5}

Mean Shannon's entropy value for Eg14-3-3 isolates was 0.584, implying that the Eg14-3-3 isolates are semi-conserved among different *E. granulosus* strains ([Fig. S10](#Suppl1){ref-type="supplementary-material"}, Electronic Supplementary Data). The entropy values at each residue position in the alignment were ranged from zero (high conservation) to 1.242 (hyper-variable).

The computationally mapped BEs and their mean entropy (Hx) values were ranked based on their scores ([Table 1](#T1){ref-type="table"}). These data reflect the fact that the predicted epitopes were conserved in some, but not all, of the isolated of *E. granulosus*. The mean entropy values for each predicted epitope provide some information in terms of the vaccine coverage. The epitopes 1 (LTLWNSDAGDTDAAEPPKAD) and 4 (FCTGDERKQASDNS) exhibited a lower sequence variability, thus can cover more variety of *E. granulosus* strains.

###### The consensus predicted B-cell epitopes

  ----- ---------------------------------- ---------- -------- ---------------------
  No.   Consensus B-cell Epitope\*         Position   Length   Mean entropy values
  1     LTLWNSDAGDTDAAEPPKAD               228--247   20       0.376
  2     MSSLSKREENVYMAKLCEQCERYDE          1--25      25       0.845
  3     RKAFDDAVAELDTLPEESYKD              196--216   21       0.508
  4     FCTGDERKQASDNS                     135--148   14       0.372
  5     GARRSSWRVISSIEQKHDGDAKMQIAKKVREE   57--88     32       0.427
  ----- ---------------------------------- ---------- -------- ---------------------

\*The predicted epitopes were sorted based on their score.

Validation of homology modeling of the MHC alleles and energy minimization {#s3-0-9}
--------------------------------------------------------------------------

The modeling validation parameters, including RMSD, C-score, TM-score (template modeling score) and ProSA Z-score is shown in Table S1. The zero and negative values in ProSA plots were found to be related to the stabilized models. Therefore, the 3D predicted models were found to be structurally acceptable ([Fig. S11](#Suppl1){ref-type="supplementary-material"}, Electronic Supplementary Data). The topological stereochemistry of DLA-DRB1\*01501 model after energy minimization was -7270.35 kJ/mol. The energy minimization for DRB1\*01101 model resulted in some residual dislocations, while the percentage of favored residues in Ramachandran plot was decreased. Therefore, the prepared DRB1\*01501 model and initially generated DRB1\*01101 model were used for the subsequent docking simulation ([Fig. 6](#F6){ref-type="fig"}).
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Molecular docking for CD4+ T-cell epitope prediction {#s3-0-10}
----------------------------------------------------

The CD4^+^ T-cells can recognize usually peptides with a length of 12 to 16 amino acids. Therefore, the Eg14-3-3 protein was cleaved into 48 peptides with 13 amino acids in length. These 13-mer peptide fragments were docked separately with the 3D structure of the modeled DRB1\*01501 and DRB1\*01101 alleles. The results of docking energy (E-Total) between each peptide and active site of the MHC-alleles were calculated ([Table 2](#T2){ref-type="table"}). The residues from 60 to 72 exhibited the lowest E~docked~ value (-630.88 kcal/mol) with DRB1\*01501, and the fragment from 200 to 212 showed the best interaction with DRB1\*01101. Therefore, these peptides were selected as the most desired and suitable TEs.

###### Interaction energy obtained of docking between 13-mer fragments of Eg14-3-3 and DLA-DRB1\*01501 and 01101 alleles

  ----------------------- --------------------------- -------------------
  **Peptides**            **IE** ^a^ **with 01501**   **IE with 01101**
  1-MSSLSKREENVYM-13      -467.12                     -393.37
  5-SKREENVYMAKLC-17      -464.66                     -377.41
  10-NVYMAKLCEQCER-22     -476.41                     -416.64
  15-KLCEQCERYDEMV-27     -413.18                     -432.72
  20-CERYDEMVKAMKD-32     -457.45                     -422.64
  25-EMVKAMKDVLESG-37     -430.89                     -426.05
  30-MKDVLESGADLSV-42     -424.83                     -454.77
  35-ESGADLSVEERNL-47     -391.16                     -480.62
  40-LSVEERNLLSVAY-52     -401.08                     -405.71
  45-RNLLSVAYKNVVG-57     -546.14                     -366.23
  50-VAYKNVVGARRSS-62     -599.53                     -323.88
  55-VVGARRSSWRVIS-67     -626.77                     -326.02
  60-RSSWRVISSIEQK-72     -630.88^b^                  -357.23
  65-VISSIEQKHDGDA-77     -421.34                     -475.67
  70-EQKHDGDAKMQIA-82     -443.58                     -418.82
  75-GDAKMQIAKKVRE-87     -566.51                     -364.02
  80-QIAKKVREEIERE-92     -534.85                     -449.85
  85-VREEIERELSATC-97     -383.64                     -468.54
  90-ERELSATCKEILD-102    -410.01                     -501.15
  95-ATCKEILDLLDKT-107    -405.22                     -431.04
  100-ILDLLDKTLLPAA-112   -403.44                     -416.42
  105-DKTLLPAASSSES-117   -432.24                     -425.85
  110-PAASSSESKIFFL-122   -441.83                     -383.09
  115-SESKIFFLKMKGD-127   -517.40                     -441.31
  120-FFLKMKGDYYRYV-132   -593.50                     -350.43
  125-KGDYYRYVAEFCT-137   -473.07                     -432.97
  130-RYVAEFCTGDERK-142   -501.14                     -383.05
  135-FCTGDERKQASDN-147   -407.47                     -394.59
  140-ERKQASDNSLMAY-152   -531.54                     -436.38
  145-SDNSLMAYKSATE-157   -387.36                     -403.49
  150-MAYKSATEVAEGD-162   -480.35                     -490.82
  155-ATEVAEGDMQTTH-167   -395.45                     -506.01
  160-EGDMQTTHPIRLG-172   -421.58                     -403.32
  165-TTHPIRLGLALNF-177   -553.50                     -395.60
  170-RLGLALNFSVFYY-182   -530.83                     -420.93
  175-LNFSVFYYEIMNN-187   -464.83                     -422.16
  180-FYYEIMNNPKRAC-192   -538.72                     -344.73
  185-MNNPKRACELARK-197   -530.96                     -328.38
  190-RACELARKAFDDA-202   -524.07                     -390.61
  195-ARKAFDDAVAELD-207   -418.53                     -518.86
  200-DDAVAELDTLPEE-212   -378.88                     -670.52^b^
  205-ELDTLPEESYKDA-217   -362.19                     -551.86
  210-PEESYKDATLIMQ-222   -367.47                     -441.26
  215-KDATLIMQLLRDN-227   -452.84                     -409.63
  220-IMQLLRDNLTLWN-232   -534.29                     -382.89
  225-RDNLTLWNSDAGD-237   -460.99                     -503.78
  230-LWNSDAGDTDAAE-242   -398.08                     -611.17
  235-AGDTDAAEPPKAD-247   -447.34                     -563.94
  ----------------------- --------------------------- -------------------

^a^IE: Interaction energy (kJ/mol). ^b^ The lowest interaction energy between peptide fragments of Eg14-3-3 and both MHC alleles (01501 and 01101), that are selected as CD4+ T-helper epitopes.

The interactions between the binding core of the MHC alleles and the top docked peptides were visualized using LigPlot^+^ and UCSF Chimera program ([Fig. 6](#F6){ref-type="fig"}). Fourteen residues of DLA-DRB1\*01101 (i.e., Lys^4^, Met^5^, Phe^6^, Leu^21^, Ala^23^, Ser^25^, Phe^32^, Asp^52^, Trp^56^, Gln^65^, Arg^66^, Ala^69^, Thr^72^, Tyr^73^) participated in the hydrophobic interaction with the peptide fragment of Eg14-3-3 (residue from 200 to 212). The DRB1\*01501 allele indicated ten hydrophobic and five hydrogen binding interactions with the peptide fragment (residue from 200 to 212). The residues engaged in hydrophobic interactions were Met^5^, Val^6^, Phe^8^, Ile^26^, His^32^, Tyr^42^, Trp^56^, Leu^62^, Glu^64^ and Arg^66^. The hydrogen bonds were variable in length, about 2.10 -- 3.16 Å ([Fig. 6](#F6){ref-type="fig"}).

Based on the MHC-peptide docking results, we selected two TEs with a binding ability to two types of DLA-DRB1 alleles. These two 13-mer peptide fragments, including the residues from 60 to 72 (RSSWRVISSIEQK) and residues from 200 to 212 (DDAVAELDTLPEE), were found to associate with the highest binding affinity to the active site of DLA-DRB1\*01501 and DLA-DRB1\*01101, respectively.

Computational epitope-scaffold designing {#s3-0-11}
----------------------------------------

To enhance the bioactivity of vaccine construct, it is so important to assemble the epitopes together via appropriate linker amino acids based on their antigenicity and immune-dominancy. Some important epitopes can be intentionally repeated in the vaccine construct to obtain maximal immune system responses. For this reason, the selected TEs were inserted into the vaccine construct with two repeats, and HEYGAEALERAG sequence was added between the repeated TEs. We used KFERQ linker sequence at the both NH2-- and --COOH termini. This specific linker can enzymatically and/or chemically be cleaved by proteasomal degradation machinery, making a rational distance between the minigene construct and expression plasmid. Additionally, due to their sensitivity to proteasomes, the linker can promote the peptides cleavage efficiency.^[@R51],[@R52]^ A four-residue spacer, Gly-Pro-Ser-Leu (GPSL), was served between the T and B cell epitopes. This type of linkers acts as a flexible spacer and can provide a free folding potential for T and B cell epitopes independently.^[@R53]^ A short linker peptide, GGSSGG, was used between the BEs to minimize the interference between the adjacent epitopes and prevent formation of the new epitope. A six-glycine linker was conjugated upstream of six histidine-tag in order to minimize the possible effect of the tag on other epitopes.^[@R54],[@R55]^ The Shine-Dalgarno sequence (AGGAGG) was added to the upstream of the start codon to improve the mRNA stability, ribosomal orientation, and translation initiation. The scaffold of the vaccine construct is displayed in [Fig. 7](#F7){ref-type="fig"}. The C-score, TM-score and estimated RMSD of the construct 3D structure were -2.30, 0.44±0.14 and 10.9±4.6 Å, respectively.
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Computing the physicochemical properties of the construct {#s3-0-12}
---------------------------------------------------------

The full-length sequence of the designed vaccine construct in consideration with six histidine tag in C-terminal was 232 aa. The molecular weight of the protein vaccine was predicted to be \~ 25 kDa. Three most abundant residues in the minigene construct were Gly (12.5%), Ser (12.1%) and Gln (11.6%). Theoretical isoelectric point (pI) was calculated to be 5.01, thus it was classified as an acidic protein. The half-life of the construct in mammalian reticulocytes, yeast, and *E. coli* was estimated 30 h, \>20 h, and \>10 h, respectively. The instability index (II) was calculated to be 67.94 that was more than 40 as a threshold. Aliphatic index (AI), which can explain the thermal stability of the target protein, was estimated to be 50.13. The AI values are ranged from 65.36 to 138.39, where the proteins with more values can be stable in a wide temperature range. The extinction coefficient at 280 nm wavelength was 28085 M^-1^ cm^-1^. This index elucidates the protein-protein and protein-ligand interactions in the solution condition. Sum of the hydropathy values of all the amino acids was reported as "grand average hydropathy" (GRAVY) index, which was computed to be -1.042. The negative values of GRAVY indicate the protein hydrophilicity and its tendency for interaction with the surrounding water molecules. The net charge of the vaccine construct was predicted to be -13.2 at pH 7.0 based on Protein Calculator *v*3.4 web-server. The estimated net charge cannot be verifiable for folded proteins; however, it may be useful for the protein purification planning.

Back-translation, codon usage, and mRNA secondary structure optimization {#s3-0-13}
------------------------------------------------------------------------

One of the approaches for improvement in the gene expression level is the optimization of codons and the secondary structure of mRNA. In this sense, the amino acid sequence of the multi-epitope construct was reversely translated to the DNA sequence using Visual Gene Developer *v*1.7. Further, *E. coli* K12 codon frequency table was used to replace each amino acid with the corresponding and most frequently occurring codon. Table S2 represents several key parameters, including the overall G/C content, G/C content at the first, second and third places, tRNA adaptation index (tAI), the effective number of codons (Nc) and CAI values before and after the optimization. Synonymous codons substitution reduced the percentage of G/C content at the third codon site. The part of unfavorable hairpin stem-loops at the beginning of the mRNA was optimized to stabilize the mRNA structure and ribosomal binding site. The mRNA secondary structure, their overall Gibbs free energy and their residue-based plots before and after the optimization are shown in [Fig. 8](#F8){ref-type="fig"} and [Fig. S12](#Suppl1){ref-type="supplementary-material"} (Electronic Supplementary Data). The Gibbs free energy (ΔG) of mRNA secondary structure before, and after the optimization was -279.0 and -285.30 kcal/mol, respectively. The overall negative Gibbs free energy indicates favorable mRNA folding process. The stop codon (TAA) was finally added at the 3ꞌ-end of the optimized construct.
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Discussion {#s4}
==========

The human health is often related to the animals' health, in large part, because there are several human diseases (e.g., hydatid cyst) that are derived from the domestic and/or wild animals -- categorized as the zoonotic diseases. For instance, dogs with echinococcus infection are the main cause of the human hydatidosis. Therefore, the aim of this study was to design an effective dog-specific prophylactic vaccine construct considering the 3D structure, post-translational modifications (PTMs) and hydrophobic/hydrophilic regions of the Eg14-3-3 used as an Ag isolated from the infected cases in Iran ([Figs. 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). This designed minigene construct was comprised of BEs and TEs that were predicted based on Eg14-3-3 Ag. In this minigene vaccine, two most frequent DLA class II alleles were included in order to increase the probability of major histocompatibility (MHC) epitope binding in various dog breeds. We believe that such design, based on DLA class II alleles together with the multilateral computational assays ([Figs. 3](#F3){ref-type="fig"}-[6](#F6){ref-type="fig"}), might improve the coverage rate of the vaccination among different dog population.

*E. granulosus* infection in dogs is mainly mediated by the production of Ag-specific B-cell Abs.^[@R14],[@R15],[@R56]^ However, differentiation of B-lymphocytes usually requires activation of naive helper T-cells. Therefore, we inserted the predicted CD4^+^ T-helper epitopes at the 3ꞌ-end of the construct. It should be noted that, in some bioinformatics investigations, vaccines were simply concentrated based upon the prediction of BEs from different VCAs, regardless of TEs.^[@R57],[@R58]^ In some other studies, TEs were predicted based on the major MHC alleles of animal models,^[@R59],[@R60]^ while these cannot thoroughly be substituted for the natural hosts of the parasite. All of these issues were considered for designing of the current multi-epitopic vaccine ([Table 1](#T1){ref-type="table"}; [Figs. 6](#F6){ref-type="fig"} and [7](#F7){ref-type="fig"}). Additionally, sequence-based TE prediction for the vaccine design against HC disease is associated with some technical limitations. Unfortunately, little is known about the canine MHC alleles. Therefore, the sequence-based TE prediction algorithms cannot be used in the prediction of specific TEs for dog vaccination. Given such facts, the structure-based approaches, especially computational molecular docking techniques, might be recruited for the prediction of either the helper or the cytotoxic T-cell epitopes.^[@R61]^

In the face of extracellularly associated parasites such as nematodes and cestodes, MHC class II molecules are mainly involved in the binding and the epitope presenting to the CD4^+^ T-helper cells.^[@R62]^ As reported previously, the DLA-DRB1 genotype is mainly associated with levels of anti-disease Abs in some of the canine diseases such as chronic hepatitis,^[@R63]^ visceral leishmaniasis,^[@R64]^ and rheumatoid arthritis.^[@R65]^ MHC-DRB1 in canine has been suggested as a key factor for the resistance or susceptibility to infectious diseases. Moreover, among different studies on dog populations, DRB1 allele is a highly frequent allele than the DLA-DQA1 and DLA-DQB1 alleles.^[@R64]^ Generally, two points have been considered in the selection of the most suitable MHC alleles for the TE prediction, including (i) the frequency of DLA-DRB1 alleles between diverse dog breeds^[@R63],[@R66]-[@R69]^ and (ii) the allele(s) associated with the parasitic diseases. Thereby, two high frequent DLA class II alleles (DRB1\*01501 and DRB1\*01101) were served for the peptide-MHC docking and finally for the prediction of MHC class II-restricted TEs ([Table S1](#Suppl1){ref-type="supplementary-material"}; [Figs. 6](#F6){ref-type="fig"} and [S11](#Suppl1){ref-type="supplementary-material"}).

The Eg14-3-3 is a secretory component from the rostellar glands of *E. granulosus* adult worms. Immunolocalization studies have revealed some localized areas of Eg14-3-3 in 35-day-old worms. In this developmental stage, the Eg14-3-3 was reported to be discernible within the periphery of testicle cells, apical of rostellum and around tegument.^[@R13]^ Further, the capability of Eg14-3-3 as an immunotherapeutic Ag has been recently studied,^[@R70]^ in which the recombinant Eg14-3-3 was extracted and purified from *E. coli* BL21, and subcutaneously administered to the ICR mice. This vaccination trial exhibited a high binding potential (84.7%) to the anti-Eg14-3-3 IgG subclasses (IgG1, IgG2a, and IgG2b), and significant enhancement in the production of IL-2 and INFγ against *E. granulosus*. Given that the parasite secretory products play key roles in the survival of the worms within the definitive host\'s intestine; therefore, it might count as an ideal Ag for the vaccination against *E. granulosus*.^[@R70]^

As a part of this study, for the first time, we modeled the secondary and 3D structure of Eg14-3-3 Ag ([Figs. 1](#F1){ref-type="fig"} and [S6](#Suppl1){ref-type="supplementary-material"}). In this regard, we validated the accuracy of the protein modeling by means of different computational tools such as Verify3D, ProSA z-score and ProSA energy plot ([Figs. S7](#Suppl1){ref-type="supplementary-material"} and [S8](#Suppl1){ref-type="supplementary-material"}). Given that the zero and negative values of z-score are related to the stabilized models, the predicted 3D model appeared to be structurally favorable. The ProSA energy plot represents the local model quality ([Fig. S7](#Suppl1){ref-type="supplementary-material"}). The Verify3D was used to calculate the compatibility of the 3D structure of the predicted model with its own amino acid sequence (1D), and also to evaluate various structural regions of the model. This server gives 3D-1D structural profile to assess the compatibility of each residue with their local environment.^[@R32],[@R71]^

Shannon\'s entropy analysis demonstrated that BEs of the designed vaccine are conserved and semi-conserved and can cover the majority of *E. granulosus* strains. Further, the Eg14-3-3 isolates were found to be semi-conserved among different *E. granulosus* strains ([Fig. S10](#Suppl1){ref-type="supplementary-material"}), and hence it is not necessary to consider all the isolate of this Ag for the vaccine design. The CD4^+^ T helper epitopes were predicted based on the molecular docking between the 13-mer peptide residues of the whole Ag sequence and the high frequent dog MHC (Canine Leukocyte Antigen, CLA/DLA) class II alleles. The physicochemical and immunological properties of the designed minigene vaccine revealed that this immunogenic peptide was not sufficiently stable at the different temperatures. Furthermore, we used the protease specificity prediction server (PROSPER) as an on line web-server used for the prediction of potential endogenous proteases activity of *E. coli*. The potential cleavage sites into the minigene construct were found ([Fig. S13](#Suppl1){ref-type="supplementary-material"} and [Table S3](#Suppl1){ref-type="supplementary-material"}, Electronic Supplementary Data). It should be stated that such results upon the assessment of proteases activities would be favorable for the extraction and purification of this immunogenic peptide from *E. coli*.

As reported previously, an ideal vaccine should be safe, effective and broad-spectrum. That is why we recruited several steps for designing this rational EV ([Fig. 7](#F7){ref-type="fig"}), including (i) identifying and selecting a key immunogenic Ag, (ii) using bioinformatics tools for analysis of different parameters of the selected Ag, Eg14-3-3, (iii) predicting BEs and TEs computationally, and (iv) assembling the selected epitopes with each other using the suitable molecular linkers.^[@R41]^ To revalidate such approaches, we also looked at the mRNA secondary structure before and after optimization of the construct (Table S2; [Figs. 8](#F8){ref-type="fig"} and S12).

The expression level of many of *E. granulosus* VCAs are dependent upon the stage of the parasite life cycle. Therefore, for designing a strong poly-epitopic vaccine, we need to pay a close attention to several indices of the selected Ag, including the role of Ag in the parasite survival, antigenicity, immunogenicity and allergenicity, stage of Ag expression, and its localization in the parasite body \[e.g., intra- and/or extracellular, somatic and/or excretory-secretory\].^[@R72]^ The hydrophobic interactions are the main parameters for the Ag-Ab binding energy in most of Ags.^[@R73]^ Because of some known correlations between BEs and surface exposed regions of Ags,^[@R74]^ we focused on the surface-exposed and accessible regions of Eg14-3-3 where there are more possibilities for interaction with the Ab binding sites.^[@R75]^

Transmembrane helices need several continuous hydrophobic residues to spin accurately within the cell membrane. Accordingly, the hydrophobic transmembrane domains of the Ag cannot be detected by the immune system's Abs. Moreover, signal sequences act as key players in terms of protein secretion onto the extracellular membrane as well as periplasmic space. Signal peptidases can cleave the signal peptide off (as co-translationally or post-translationally) to produce a mature protein.^[@R76]^ Therefore, the signal peptide cannot also be as an appropriate segment for the epitope-paratope interaction ([Figs. S1](#Suppl1){ref-type="supplementary-material"}, [S2](#Suppl1){ref-type="supplementary-material"}, [S3](#Suppl1){ref-type="supplementary-material"} and [S4](#Suppl1){ref-type="supplementary-material"}). The minigene protein processing during post-translational modifications (PTM), especially N-glycosylation, can block the accessibility of some epitopes for neutralizing Abs and affect the proteolytic process by specific immunoproteasome components.^[@R77]^ It should be highlighted that the PTMs (e.g., phosphorylated and glycosylated regions) of the epitopes used for the selection of BEs need to be taken into consideration ([Fig. S5](#Suppl1){ref-type="supplementary-material"}), in large part because such epitopes are usually located on the unexposed regions.^[@R78]^ In fact, some of the PTMs can partially/fully mask epitopes, in particular, those that are linear.^[@R79]^

To the best of our knowledge, conclusively, there is no similar *in silico* Eg14-3-3 based multi-epitope vaccine, and this is the first report on the design of a multimodal dog-specific vaccine. In addition, for designing of this multi-epitope construct, we capitalized on various computational software and web-servers to address all issues related to the improved functionality of such multi-epitope vaccine, which is envisioned to be effective for a diverse population of dog breeds. It should be noted that the predicted epitopes of Eg14-3-3 can be used in combination with the conserved epitopes of some other Ags to produce a universal vaccine with high-rate successful vaccination.

Conclusion {#s5}
==========

The current *in silico* study is the first part of the multi-antigenic vaccine designing project that resulted in promising outcomes for immunization of dogs against *E. granulosus*. In this current work, we reported on a rationalized *in silico* methodology to design this novel prophylactic vaccine. The undertaken *in silico* approach may provide vaccinologists a robust tool for designing host-specific multi-epitopic and/or multi-antigenic vaccines against different pathogens. Our vaccine construct designed by use of the local isolate of *E. granulosus* from the infected cases in Iran. The TEs parts of the vaccine were predicted based on two highly frequent canine MHC alleles through several MHC-peptide docking procedures. Notwithstanding, for more accurate *in silico* BE identification, we modeled 3D structure of Eg14-3-3 using homology modeling methods. Taken all, the designed vaccine construct comprised of four CD4^+^ MHC-II epitopes, which can elicit protective MHC class II, restricted responses based on DLA-DRB1\*01101 and 01501 alleles, and five BEs from *E. granulosus* 14-3-3 antigen. Codon usage of the construct was comprehensively optimized in terms of codon usage table of *Escherichia coli* k-12. Based on our findings, conclusively, we envision that the constructed dog-specific multi-epitope vaccine against echinococcosis might provide an improved treatment modality. These data may encourage the vaccinologists to focus on such multi-epitopic vaccines to fight against multi-host and genetically variable pathogens.
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Research Highlights {#s9}
===================

What is current knowledge? {#research1}
--------------------------

1.  √ The Eg14-3-3 a key antigen in the host-parasite interactions was served for designing a creative platform for vaccination of dogs against *E. granulosus*.

What is new here? {#research2}
-----------------

1.  √ Iran 14-3-3 antigen has been isolated from the local *E. granulosus*.

2.  √ The homology modeling approaches were conducted for the prediction of the 3D structure of Eg14-3-3 protein.

3.  √ The molecular docking methods were performed for the identification of the best MHC-CD4+ T cell epitope binding.

4.  √ A multi-modal methodology for *in silico* epitope mapping was presented for more precise B-cell epitope prediction.
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